ABSTRACT Background: Fatty acids play a vital role in glucose homeostasis; however, studies on habitual dietary fat intakes and gestational diabetes mellitus (GDM) risk are limited and provide conflicting findings. Objective: We determined whether the total amount and the type and source of prepregnancy dietary fats are related to risk of GDM. Design: A prospective study was conducted in 13,475 women who reported a singleton pregnancy between 1991 and 2001 in the Nurses' Health Study II. In these women, 860 incident GDM cases were reported. The adjusted RR of GDM was estimated for quintiles of total fat, specific fat, and the source of fat intakes by pooled logistic regression. Results: Higher animal fat and cholesterol intakes were significantly associated with increased GDM risk. Across increasing quintiles of animal fat, RRs (95% CIs) for GDM were 1.00 (reference), 1.55 (1.20, 1.98), 1.43 (1.09, 1.88), 1.40 (1.04, 1.89), and 1.88 (1.36, 2.60) (P-trend = 0.05). Corresponding RRs (95% CIs) for dietary cholesterol were 1.00 (reference), 1.08 (0.84, 1.32), 1.02 (0.78, 1.29), 1.20 (0.93, 1.55), and 1.45 (1.11, 1.89) (P-trend = 0.04). The substitution of 5% of energy from animal fat for an equal percentage of energy from carbohydrates was associated with significantly increased risk of GDM [RR (95% CI): 1.13 (1.08, 1.18); P , 0.0001]. No significant associations were observed between dietary polyunsaturated fat, monounsaturated fat, or trans fat intakes and GDM risk. Conclusion: Higher prepregnancy intakes of animal fat and cholesterol were associated with elevated GDM risk.
INTRODUCTION

GDM
4 is one of the most common pregnancy complications that affects 14% of pregnancies in high-risk populations (1) . Although details of the underlying mechanism remain unclear, existing data suggest that the main defect of GDM is relatively diminished insulin secretion coupled with pregnancy-induced insulin resistance (2) . Therefore, factors that contribute to insulin resistance or impaired insulin secretion before pregnancy could increase risk of GDM. A number of prepregnancy dietary and lifestyle factors have been recently related to GDM risk (3) (4) (5) (6) (7) .
Fatty acids play a vital role in glucose homeostasis. Increased plasma free fatty acids may cause a dose-dependent inhibition of insulin-stimulated glucose uptake and, therefore, contribute to insulin resistance (8) . Fatty acids also play a role in the alteration of cell membrane function (9) , enzyme activity (10) , and gene expression (11) . Studies on dietary fatty acids and GDM risk are limited; the majority of studies have focused on fat intake during pregnancy, and the findings have been inconsistent (12) (13) (14) (15) (16) (17) . For instance, the substitution of total fat for carbohydrates during early pregnancy was associated with increased risk of GDM and impaired glucose tolerance in a prospective cohort of US women (15) , whereas a lower total fat intake in pregnancy was related to higher GDM and impaired glucose tolerance risk in Chinese women (12) . Other studies identified no association between total fat intake and GDM risk (13, 16) . Also, the majority of available studies were small, retrospective, or provided insufficient control for dietary and nondietary potential confounding variables. In the current study, we systematically investigated the association of prepregnancy dietary fat intake, including specific fats as well as the source of fats (animal compared with vegetable fat), with risk of GDM in women in a large prospective cohort. We also considered the potential impact of other dietary and nondietary risk factors for GDM.
SUBJECTS AND METHODS
Study population
The Nurses' Health Study II is a prospective cohort study of 116, 671 female US nurses who were recruited between 22 and 44 y of age beginning in 1989. The cohort was and continues to be followed by biennial mailed questionnaires to update data on health-related behaviors and to identify incident disease. FFQs are mailed to participants every 4 y. The follow-up rate has been ;90% for every 2-y period (18) . Women who reported a pregnancy that lasted 6 mo between 1991 and 2001 were included in the study. Women were excluded from the current analyses if they reported a multiple gestation, an implausible total energy intake (,500 or .3500 kcal/d), a diagnosis of diabetes, GDM, cancer, or cardiovascular disease, being in menopause at baseline, or missing information on age or vital status. The final analytic population included 13,475 women.
Ascertainment of GDM
GDM cases were identified on the basis of self-reported information on the biennial questionnaires through 2001. The validity of a self-reported diagnosis of GDM has been shown against medical record reviews (18). Briefly, of 114 women who corroborated their first diagnosis of GDM in a singleton pregnancy between 1989 and 1991 on a supplemental questionnaire, 94% of women were confirmed to have a physician diagnosis. Supplementary questionnaires were also sent to 100 women who reported a pregnancy uncomplicated by GDM during the same interval. Of 93 responders who confirmed a singleton pregnancy during this period, 83% of women reported a glucose loading test, and all women (100%) reported frequent urine screenings in pregnancy, which was consistent with a high degree of surveillance in this cohort (18) .
Dietary assessment
Dietary intake is collected by a 133-item semiquantitative FFQ every 4 y. Information on the average frequency of consumption of selected foods and beverages during the previous year is reported. Intakes of total and specific fats as well as the source of fats are calculated as the sum of the contributions from all foods. The food-composition database used to calculate the nutrient values is based primarily on USDA data (19) and supplemented with data from manufacturers. Participants reported the use and dose of multivitamin supplements. To calculate the percentage of energy contributed by each type of fat, we divided the energy intake for each fat by the total caloric intake. The validity and reliability of the FFQ to assess nutrient intakes were measured in a similar cohort (Nurses' Health Study I) (20) . For example, comparisons of the questionnaire to a series of four 1-wk dietary records identified correlation coefficients of ;0.5 for various types of fats and total fat intakes (20) .
Measurement of nondietary factors
Information on sociodemographic, clinical, and lifestyle information was collected at baseline and updated every 2 y. BMI (in kg/m 2 ) was calculated by self-reported weight and height (weight divided by the square of height). In a similar cohort, self-reported body weight was highly correlated (r = 0.96) with technician-measured weight (18, 21) . Physical activity was assessed in 1989, 1991, and 1997. Participants were asked to report weekly activities for each of the following categories: walking or hiking outdoors, jogging, running, bicycling, lap swimming, tennis, squash, or racquetball playing, calisthenics, and other forms of recreation. From this information, the weekly energy expenditure in metabolic equivalent task hours was calculated and used to calculate the cumulative average of total recreational physical activity in the analyses. A family history of diabetes and other diseases was reported at baseline (1989).
Statistical analyses
All statistical analyses were performed with SAS software (version 9.1; SAS Institute). Means with SDs for continuous baseline characteristics and proportions for categorical characteristics were calculated by quintiles of total fat, dietary cholesterol, animal fat, and vegetable fat and characterized by their nutrient density or percentage energy from total calories (except cholesterol, which was in mg). Total, saturated, monounsaturated, polyunsaturated, and trans unsaturated fat, the ratio of polyunsaturated to saturated fat, total omega-3 and omega-6 fatty acids, and animal, vegetable, and dairy fat were characterized as the nutrient density (except cholesterol) and analyzed by using a cumulative average measurement of fat intake before GDM diagnosis. For example, the 1991 intake was used for the followup between 1991 and 1995, and the average of the 1991 and 1995 intakes was used for the follow-up between 1995 and 1999, to reduce the within-person variation as well as to represent the habitual intake of dietary factors (22) .
In multivariate models, total fat, fat subtypes, and the source of fats (animal compared with vegetable fat) were expressed as the nutrient density (percentage of calories from fat) and modeled as quintiles of intake. Quintiles were defined by the distribution of each nutrient at baseline. The significance of linear trends across categories of dietary intake was evaluated by using the median value for each category of dietary intake and analyzed as a continuous variable in multivariate models. Pooled logistic regression was used to estimate the RR of incident GDM for a given dietary fat exposure. Multivariate models were adjusted for age, parity, current smoking, BMI, physical activity, family history of diabetes, alcohol, race, and total calories. Additional dietary adjustments included cereal fiber and mutual adjustment for the specific fatty acids or source of fats.
To evaluate the effects of the substitution of specific types of fatty acids for carbohydrates, continuous nutrient densities were simultaneously included in multivariate models. By including all types of fatty acids in addition to protein, alcohol, and total calories concurrently, the coefficients could be interpreted as the effect of exchanging energy from a specific fat for the same amount of energy from carbohydrates. Additional models to evaluate the substitution of one type of fat for another also included carbohydrates while excluding the variable for a specific or source of fat. For instance, in one model we included energy from carbohydrates, protein, alcohol, and vegetable fat to estimate the effect of vegetable fat in exchange for the energy from animal fat. To evaluate the effect modification by some major risk factors of GDM, including BMI (,25 compared with 25), parity (parous compared with nulliparous), physical activity (highest 2 quintiles compared with lowest 3 quintiles), family history of diabetes (yes compared with no), and current cigarette-smoking status (yes compared with no), we conducted stratified analyses by these factors and estimated P values for interaction via multiplicative interaction terms in the multivariate models.
RESULTS
During 10 y of follow-up (1991-2001), 860 women (6.4%) reported a first diagnosis of GDM. Correlations of energy-adjusted intakes of specific types of fat are presented in Table 1 . Saturated fat intake was significantly correlated with intakes of trans fat (r = 0.49) and monounsaturated fat (r = 0.76). The intake of monounsaturated fat was correlated with intakes of trans fat (r = 0.71) and polyunsaturated fat (r = 0.52). At baseline, increasing quintiles of total fat, dietary cholesterol, and animal fat intakes were associated with a higher BMI, increased total meat and protein intakes, and decreased alcohol consumption and cereal fiber intake ( Tables 2 and 3 ). Glycemic load, servings per day of fruit and vegetables, and the percentage of calories from carbohydrates were inversely associated with increasing quintiles of total fat, cholesterol intake, and intakes of animal and vegetable fats. Average daily total calories did not vary appreciably across increasing intakes of animal, vegetable, or total fat or cholesterol.
Higher intakes total fat, saturated fat, and trans fat were not significantly associated with GDM risk in fully adjusted models including both dietary and nondietary covariates ( Tables 4 and  5 ). However, total fat was associated with significantly increased risk of GDM after adjustment for nondietary covariates that was no longer significant in the fully adjusted model, which was 1 Intakes were calculated as the percentage of energy by quintile as the cumulative updated average. Pooled logistic regression models were as follows: RR1, adjusted for age (5-y categories) and BMI (5 categories); RR2, additionally adjusted for parity, physical activity (metabolic equivalences/wk in 5 categories), family history of diabetes, smoking (never, past, or current), race, total energy intake (quintiles), and alcohol (quintiles of daily intake); and RR3, additionally adjusted for cereal fiber (quintiles), glycemic load (quintiles), dietary cholesterol (mg/d), and other fats listed in the table.
2 RR; 95% CI in parentheses (all such values).
GDM after adjustment for dietary and nondietary risk factors including specific fatty acids (RR: 1.45; 95% CI: 1.11, 1.89). In this population, MUFA is a major component of animal fat, and the major source of animal fat is from red meat. In age-and BMI-adjusted analyses as well as models that were also adjusted for nondietary covariates, MUFA intake was significantly associated with GDM (P-linear trend = 0.008 and 0.007, respectively). In multivariate analyses that were also adjusted for dietary risk factors for GDM, including other specific fats, the association remained significant (P = 0.04). 1 Intakes were calculated as the percentage of energy by quintile as the cumulative updated average except cholesterol, which was calculated as the cumulative average of mg/d. Pooled logistic regression models were as follows: RR1, adjusted for age (5-y categories) and BMI (5 categories); RR2, additionally adjusted for parity, physical activity (metabolic equivalences/wk in 5 categories), family history of diabetes, smoking (never, past, or current), race, total energy intake (quintiles), and alcohol (quintiles of daily intake); and RR3, additionally adjusted for cereal fiber (quintiles), glycemic load (quintiles), and other fats as listed in the table.
To further examine the association between dietary fat intakes and GDM, dietary fat exposures were modeled as continuous nutrient-density variables, which were simultaneously adjusted for each other and for other known risk factors ( Table 6) . These substitution models revealed results similar to the previous results. In the fully adjusted model, the replacement of 5% of energy from carbohydrates with animal fat increased risk of GDM by 13% (RR: 1.13; 95% CI: 1.08, 1.18). Similarly, the substitution of vegetable fat for animal fat suggested a decrease in risk of GDM (RR: 0.93; 95% CI: 0.88, 0.98; P = 0.01) for 5% of energy. The substitution of MUFA for carbohydrates (per each 5% of total calories) was associated with significantly increased risk of GDM (RR: 1.29; 95% CI: 1.09, 1.51; P = 0.003) (data not shown). No associations were observed between total omega-3 or total omega-6 fatty acids and risk of GDM.
Finally, we examined whether associations of total, specific, and source of fats differed according to major nondietary risk factors including current compared with noncurrent smoking, very physically active (fourth and fifth quintiles of activity, expressed in weekly metabolic equivalences) compared with less physical activity (first through third quintiles), a positive compared with negative family history of diabetes, BMI ,25 compared with 25, or nulliparous compared with parous. No significant differences in associations between dietary fat intake and GDM risk by these factors were observed (all P-interactions were .0.05).
DISCUSSION
In this large, prospective cohort study of prepregnancy diet, we identified no significant association between total fat intake and GDM risk; however, we observed a significantly higher risk of GDM associated with greater consumption of dietary cholesterol and animal fat. Moreover, we estimated that the replacement of the percentage of total calories from carbohydrates with animal fat was associated with significantly increased risk of GDM, whereas the replacement of energy from animal fat with vegetable fat was suggestive of reduced risk.
Epidemiologic data that related prepregnancy dietary fat intake and GDM risk are sparse, and most studies on dietary fat intake during pregnancy were either small, retrospective, or provide insufficient control for dietary and nondietary potential confounding variables. We are aware of only 2 published studies on dietary cholesterol intakes and GDM risk (23, 24) . Our observed association between a higher cholesterol intake and increased GDM risk was generally in line with findings from the 2 studies (23, 24) . In a study of 41 GDM cases and 294 non-GDM controls, each increase in dietary cholesterol of 50 mg/1000 kcal during the previous year was associated with 88% increased risk of GDM (RR: 1.88; 95% CI: 1.09, 3.23) after adjustment for dietary and nondietary covariates (23) . Moreover, .2-fold increased risk of GDM of the highest compared with lowest quintiles of cholesterol intake (3 mo before conception and during pregnancy) was observed in both a prospective and a retrospective analysis (24) . In addition, results from the current study were consistent with those from other studies that documented positive associations of cholesterol intake with incident type 2 diabetes in men and nonpregnant women (25, 26) , including in subjects within a similar cohort (ie, the Nurses' Health Study I) (27) .
Although the precise mechanisms by which high dietary cholesterol consumption influences glucose homeostasis and diabetes risks are unclear, the observed association with GDM is biologically plausible. Overall, fatty acids play a vital role in glucose homeostasis (9) , but dietary cholesterol specifically may have a unique role in b cell dysfunction, which is a necessary step in the development of GDM. Animal models have shown that cholesterol accumulation in islets contributes to glucose intolerance that can lead to b cell dysfunction (28) . Furthermore, although human data are sparse, the variation in genes involved in cholesterol metabolism, such as ABCA1 have been associated with type 2 diabetes risk (29) . ABCA1 regulates the excretion of cholesterol from b cells, and in the absence of ABCA1, the islet cell cholesterol content increases and impairs insulin secretion (29) . Additional research is warranted to determine the exact mechanism by which cellular cholesterol may be associated with impaired pancreatic b cells.
We also observed that a high intake of animal fat was associated with increased risk of GDM. Although we are unaware of previous studies that specifically evaluated prepregnancy animal fat intake and risk of GDM, the intake of animal fat was previously shown to be associated with type 2 diabetes in women with a history of GDM (30) . The intake of animal fat was highly correlated with intakes of several nutrients and food sources of nutrients that were related to elevated risk of GDM. For example, meat products are a primary source of MUFAs and the consumption of MUFA and animal fat were highly correlated in this cohort (r = 0.85), and an association between MUFA and GDM may partially explain the association between animal fat and GDM. The replacement of energy from carbohydrates for energy from MUFA was associated with increased risk of GDM even after adjustment for saturated fat and dietary cholesterol, which are other components of animal fat that may increase risk of GDM. The association of MUFA with GDM risk was consistent with observational analyses that relating MUFA intake and type 2 diabetes in nonpregnant women (27) . However, this association conflicted with findings from clinical trials. For example, compared with diets rich in saturated fats, diets high in MUFA appear to improve insulin sensitivity; however, the protective effect does not hold for diets high in total fat (.38%) (31) . However, in difference from the clinical trial and some other studies, the major source of MUFA in the current study population was from animal fat, which is also the main source for saturated fat. Additional studies are necessary to determine the independent effects of MUFA and other components of animal fat on GDM risk.
In the current study, no significant associations of PUFA, saturated fat, the ratio of PUFA to saturated fat, or trans fat intakes with GDM risk were observed. Epidemiologic data provided consistent evidence for an inverse association between type 2 diabetes risk and PUFA or the ratio of PUFA to saturated fat intakes as well as a positive association with dietary trans fat and saturated fat (32) . However, the findings on the relation of these fatty acids with GDM are less consistent. Similar to our findings, 4 studies failed to find any association between PUFA intake and GDM risk (15, 23, 33) or recurrence (14) . By contrast, increased risk of GDM was associated with a decreased intake of PUFA in several other studies (12, 16, 17) . Similarly, intakes of dietary saturated fat were positively associated with GDM risk in some studies (16, 17, 34) but not in other studies (12, 13, 15, 23) . Differences in study design, measurement methods of dietary fatty acids, and adjustment for other dietary factors may have accounted, at least in part, for the different findings across studies.
Several strengths of the current study served to minimize sources of measurement error and bias. These included the large sample size that far exceeded previous analyses of dietary fat and GDM, the prospective study design, repeated dietary assessments, a high rate of follow-up, and more importantly, the availability of comprehensive information on dietary and nondietary covariates. However, several potential limitations merit discussion. Because of the observational nature of the study, we could not rule out the possibility of unmeasured and unknown confounders that might have led to residual confounding. However, the association persisted after we adjusted for major dietary and nondietary risk factors of GDM. As in other observational studies, dietary data measured by FFQs are subject to measurement error; however, because of the prospective design, misclassification was likely to be nondifferential, which was likely to bias results toward the null. In addition, the FFQ has been validated, and the 3 repeated assessments over 8 y of followup helped reduce the extent of this error. Lastly, dietary intakes specifically during pregnancy were not measured in the current study. However, available limited data indicated that energyadjusted macronutrient intakes, including of animal fat, were highly correlated with those in the second trimester of pregnancy (13) , although women generally increased their caloric intake in pregnancy to meet fetal needs. Additional studies are needed to examine associations of dietary fat before and during pregnancy with GDM risk.
In conclusion, findings from this large prospective study suggest that, although the overall intake of prepregnancy dietary fat was not associated with risk of GDM, intakes of dietary cholesterol and animal fat were related to elevated risk independent of other major dietary and nondietary risk factors of GDM. More research to confirm these findings and to decipher underlying molecular mechanisms is warranted. However, these findings underline the potential importance of considering the fatty acid content of diet in dietary recommendations for the prevention of GDM.
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